Abstract-By mounting the transmitter and receiver of Frequency Modulated Continuous Wave (FMCW) Synthetic Aperture Radar (SAR) system on separate platforms, bistatic FMCW SAR offers more considerable capabilities, reliability and flexibility while maintaining the small size, low cost and agile reaction. The bistatic FMCW SAR raw signal simulator is highly required to quantitatively support the design of bistatic FMCW SAR, to help mission planning, test processing algorithms, and analyze jamming and noises. Bistatic FMCW SAR raw signal can be exactly simulated target-by-target in time domain but with extremely time and memory consuming, especially when extended scenes are considered. In this paper, bistatic FMCW SAR signal model and Bistatic Point Target Reference Spectrum (BPTRS) is proposed, based on which a raw signal simulator is developed in the 2-D frequency domain for the first time, where Chirp-Z Transform (CZT) is used to formulate the range migration terms. By taking advantage of Fast Fourier Transform (FFT), the proposed raw signal simulator highly reduces the computational load with respect to the time domain approach. The simulated raw data is verified by analyzing the corresponding images focused by Range Doppler Algorithm (RDA).
INTRODUCTION
By transmitting Frequency-Modulated Continuous-Wave (FMCW), FMCW Synthetic Aperture Radar (SAR) makes a lightweight and costeffective remote sensing instrument of high resolution which can work all weather, day and night [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . FMCW SAR system simplifies the transmitter design, increases both performance and reliability as well as reduces the risk of breakdown or arcing in the high power cables, by extending the pulse duration to reduce the transmitter peak power requirements, without degrading either the resolution or SNR [12] . With the smaller-size, lower-cost and more agile reaction, FMCW SAR is of great interest to the civil market and military applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In the recent ten years, there are already several successful FMCW SAR systems that have made great contributions to the remote sensing fields [8] [9] [10] [11] .
FMCW SAR is based on continuously transmitting and receiving the modulated signal (i.e., 100% duty cycle) -which usually demand separate dedicated transmitter and receiver [11] . But it causes great trouble to achieve the antenna isolation if two separate antennas are used on one platform [11] . By allocating the radar transmitter and receiver on separate platforms, bistatic FMCW SAR can overcome the antenna isolation problem. Moreover, it is an extension of the traditional monostatic FMCW SAR with increased capabilities, reliability and flexibility [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , while keeping the advantages of small size, low cost and agile reaction. Bistatic FMCW SAR have a great potential for remote sensing applications in airborne and spaceborne remote sensing fields, such as frequent monitoring, high resolution imaging, wide-swath detecting, scene classification, and single pass cross-track interferometry, especially where frequent revisits at low cost are needed or where small size is required [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Thus the subject of design, processing, and data interpretation for the bistatic FMCW SAR mode is gaining an increasingly wide interest in the remote sensing scientific community.
Therefore, to quantitatively support the design of bistatic FMCW SAR, to help mission planning, to test processing algorithms, and to analyze jamming and noises, a bistatic FMCW SAR raw signal simulator is required [25] [26] [27] [28] [29] [30] [31] [32] [33] , especially when the real system is not ready yet. Time-domain SAR raw signal simulator can be easily developed by a twofold integral of reflectivity and impulse response function, which is able to deal with point targets or small scenes, because it will be enormously time and memory consuming when extended scenes are considered. Conversely, to the best of our knowledge, no frequency-domain simulators are currently available for the bistatic FMCW SAR mode. However, simulation of bistatic FMCW SAR raw signals from extended scenes is highly desirable with system design and mission planning, because it is capable of analyzing the effects of different design and mission parameter choices for different kinds of imaged scenes [25] [26] [27] [28] [29] [30] [31] [32] [33] .
In this paper, a bistatic FMCW SAR raw signal simulation approach is developed in the 2-D frequency domain for the first T ra n si m it te r P at h Receiver Path
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time. The approach is based on the proposed accurate bistatic FMCW SAR signal model and Bistatic Point Target Reference Spectrum (BPTRS). Chirp-Z Transform (CZT) is used to accurately formulate the range-variant Range Cell Migration (RCM) without any interpolation operations [34, 35] . Taking advantage of Fast Fourier Transform (FFT), the proposed simulation approach highly reduces the computational load with respect to a time domain raw signal simulator. The raw signal of point targets and an actual scene (Niederweidbach, Germany) is simulated and well focused by Range Doppler Algorithm (RDA). The computational complexity of the proposed approach is calculated and shows remarkable reduction compared with that of the time-domain method. This paper is organized as follows. The bistatic FMCW SAR signal model is developed in both time domain and frequency domain in Section 2. Section 3 proposes the theory of the raw signal simulation approach in bistatic FMCW SAR configuration based on the signal models. Section 4 shows the processing result of simulated raw signal. The computational complexity is analyzed and compared in Section 5. Conclusions are reported in Section 6.
BISTATIC FMCW SAR SIGNAL MODEL AND BPTRS
In this section, the bistatic FMCW SAR echoed signal of a point target is formulated in both time domain and frequency domain, in order to derive an efficient frequency domain approach for bistatic FMCW SAR raw signal simulation. The bistatic FMCW SAR geometry is shown as Fig. 1 . The mathematical symbols and their definitions used in this paper are given as follows. Here we assume the transmitted signal is a chirp modulation in the following formulation [36] ,
In the case of the Continuous-Wave (CW) SAR, however, the commonly used stop-and-go approximation no longer holds due to the continuous move during the long pulse time [1] , thus the instantaneous slant ranges are determined by both the range and azimuth variables. The round-trip delay time τ d of the target P (τ R0 , R R0 ) is express as,
where
Neglecting the time scaling influence on the pulse envelope, the echoed signal from P (τ R0 , R R0 ) is expressed as [36] ,
The signal is transmitted at the time τ = nT r , where n denotes the period number [1] . The transmitted signal is synchronized by the repetition period.
The pulse duration of FMCW SAR is thousands of times as that of pulsed SAR, so dechirp-on-receive technology is generally used in the FMCW SAR system to reduce the sampling requirements and data rate [8] [9] [10] . The reference signal for dechirp processing is formulated as
where s * (t) denotes the conjugate of the transmitted signal. The reference time delay is defined as τ c = 2r c /c. After dechirp operation, the echoed signal from P (τ R0 , R R0 ) is expressed as g (τ, t), i.e.,
In order to derive an efficient frequency domain approach to simulate the bistatic FMCW SAR raw signal, the BPTRS for FMCW configuration is highly desirable. The basis of developing the BPTRS is the point target signal model g (τ, t), as shown in (7) . The first step is to remove the last exponential term of (7), which is well known as the Residual Video Phase (RVP). This takes three steps, range Fourier Transformation (FT), phase multiplication, and range Inverse FT (IFT) [12] . After RVP is removed, the echoed signal from P (τ R0 , R R0 ) is expressed as,
Then we perform the time-frequency substitution of f = K r (t − τ c ) to segment g 1 (τ, t) into the azimuth-time and rangefrequency domain, which is formulated as,
To obtain the desired BPTRS, we apply FT to g 1 (τ, f ) with respect to the azimuth time variable τ , i.e.,
Consequently, the principle of stationary phase can be readily applied to obtain the solution of the integral in (10) to derive the desired BPTRS. At the point of stationary phase τ s , the first derivative of the phase Φ (τ, t, f, f τ ) is zero [23, 36] 
Thus the Doppler frequency f τ and the point of stationary phase τ s can be related as,
Equation (13) contains Double Square Roots (DSR) so it is difficult to directly achieve the analytical relation between the Doppler frequency and the point of stationary phase [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . To circumvent this limitation, we decompose f τ into two parts where each of them is related to τ s by a single square root. For notational convenience, we express the Doppler frequency as a receiver and transmitter contribution, writing
Solving (15) and (16), we can formulate the slant trajectories of the transmitter and receiver in the two-dimensional frequency domain, respectively,
Substituting (17) and (18) into (13) yields,
Consequently, the analytical expression of the point of stationary phase can be developed by solving (19) for τ s , i.e.,
Substituting (20) into the right side of (15) and (16) for τ s , respectively, we achieve,
Note that the Doppler modulation rates introduced by the motion of transmitter and receiver are different. According to the principle of stationary phase [22, 23, 36 ], substituting τ s in (20) on the right side of (11) for τ gives the desired bistatic FMCW SAR BPTRS, which is expressed as,
Before developing an approach to simulate the raw data, we should understand the characteristics of this bistatic FMCW SAR spectrum, i.e., 1) Equation (24) contains an additional term −2πf τ f /K r , which does not present in the pulsed SAR BPTRS. This term is introduced by the variation of the slant range during the long pulse duration. The coupling term is the essential difference between this proposed spectrum and the one for pulsed SAR. Since this term is range-invariant, it can be simulated via a Reference Function Multiplication (RFM). 2) The proposed bistatic FMCW SAR spectrum contains another two range-invariant terms, i.e., (−4π (f 0 + f ) r c /c and −4πf τ r c /c), which are introduced by the dechirp-on-receive operation, and refer to the constant range and azimuth shifts, respectively, thus they can also be simulated by RFM operation.
3) The fourth term (i.e., 2πf τ
) is dependent on the zero-Doppler time of the transmitter and receiver, which determines by the azimuth registration position of the target.
4) If we set
where the bistatic FMCW SAR configuration reduces to a monostatic case, the FMCW BPTRS (24) will be the same as the monostatic FMCW SAR spectrum [1] .
However, for the bistatic configuration, because of the double square roots variant with the slant range from the target to the transmitter and receiver, the bistatic range history is in the form of a Flat Top Hyperbola (FTH). To propose the raw signal simulation approach, the bistatic FMCW SAR spectrum model is reformulated by a geometric transformation method [24] , in order to be prepared for proposing a high efficient raw signal simulation approach. Note that R 0R can be expressed as the sum of a linearly variant term r and invariant term
where R mR denotes the closest range from the scene center to the receiver path, r denotes the zero-offset receiver-to-target range variable [24] . The geometric image transformation is used to map R 0T onto R 0R and further express R 0T as a function of R 0R and r. According to Fig. 2 , the one-to-one relationship between R 0T and R 0R can be formulated as [24] 
where d is the projection of constant offsets between the transmitter and receiver in the range direction. Expanding (26) as the first-order Taylor series in terms of r/R mR yields R 0T = αR mR + βr (27) where
Thus the phase of the proposed signal spectrum G (f τ , f ) can be reformulated as,
From (29), we can see that the square root terms are divided into two parts, one is variant with the shortest slant range from the target to the receiver, and the other one refers to the constant range and azimuth coupling components, which can also be simulated by RFM operation.
For the range-variant term, the involved azimuth modulation components can be better understood by expanding the square roots using a Taylor series. Keeping the phase terms up to the first-order, i.e.,
The accuracy of this approximate formulation will be verified in Appendix A.
BISTATIC FMCW SAR RAW SIGNALS SIMULATION THEORY
In the case of extended scene, the bistatic FMCW SAR raw signal can be formulated as g scene (τ, t) in time domain via integrating the echoed signal of the whole illuminated scene target-by-target, i.e.,
where τ oR min and τ oR max represent the minimal and the maximal zero-Doppler time in the illuminated scene, and R oRnear and R oRfar represent the nearest and farthest slant range, respectively. The simulated bistatic FMCW SAR raw signal for extended scene can be obtained following (34) in time domain, which demands twofold integral of the reflectivity and impulse response functions. The consumption of time and memory is only acceptable for simulations of point targets or small scenes, but not when extended scenes are considered [25] [26] [27] [28] [29] [30] [31] [32] [33] . To help with bistatic FMCW SAR system design, mission planning and parameter choices, an efficient bistatic FMCW SAR raw signal simulator for extended scenes is needed, which has to be developed in the frequency domain.
The idea of developing a high efficient bistatic FMCW SAR raw signal simulator for an extended scene is by formulating the corresponding spectrum first, and then the desired signal can be simulated through inverse FFT. The basis of simulating the spectrum is the FMCW SAR BPTRS. Based on the aforementioned reformulation of BPTRS, as shown in (31), a high efficient raw signal simulation approach for bistatic FMCW SAR is ready to be proposed in the twodimensional frequency domain. The signal simulation procedure is shown in the block diagram in Fig. 3 , and its basic operations are illustrated as follows.
Reflectivity Mapping
To achieve the reflectivity map, the reflectivity has to be located at the right position of the image plane. It needs to be multiplied by a phase term caused by the propagation time delay. Instead of the entire propagation time, the multiplied phase here represents the delay time from the receiver to the target corresponding to the scene center as shown in (12), which is expressed:
After reflectivity mapping, the data can be expressed as
where p a (τ ) and p r (t) represent the sinc-like pulse envelope in the azimuth and range directions, respectively.
Azimuth FFT
Apply Azimuth FFT operation to the simulated scenario to transform the signal into the Range-Doppler (RD) domain, thus the signal becomes
The azimuth frequency axes should be set for the simulated signal. To accomplish this, the Doppler centroid has to be calculated first. In the broadside configuration, the azimuth Doppler centroid is zero. Nevertheless, in the squint configuration, the Doppler centroid is shifted by v T f 0 sin θ T /c + v R f 0 sin θ R /c. Generally the azimuth frequency can be set in the center v T f 0 sin θ T /c + v R f 0 sin θ R /c, where θ T and θ R denotes the squint angle of the transmitter and receiver, respectively.
Azimuth Residual Phase Simulation
The azimuth residual phase can be simulated in the RD domain by multiplying a function which is expressed as
The signal after this operation is expressed as
where the reference range R ref is generally chosen as the shortest slant range from the target to the receiver, i.e., R mR .
Range-variant Range Cell Migration Simulation Based on CZT
CZT operation is ready to be carried out to simulate the range-variant range cell migration phase with respect to the distance from the target to receiver by forming the scaling factor in range,
The kernel is expressed as
where the scaling factor γ is defined as
This operation can be evaluated by CZT algorithm efficiently [34, 35] . Note that the transform kernel (41) can be reformulated as
Then, (40) can be redefined as
Thus the CZT operation can be carried out through one convolution and two multiplications as shown in Fig. 3 , which saves a lot of time and memory. The signal after CZT is in the 2D frequency domain which is expressed as,
Reference Function Multiplication
Now that the range-variant range term is formulated, RFM is carried out to simulate all the range-invariant terms, including range walk, bulk RCM, bulk range azimuth coupling and higher-order range compression, and the terms introduced by dechirp-on-receive
Azimuth IFFT
After all of the aforementioned operations, the bistatic FMCW SAR raw signal can be conceived by an azimuth Inverse Fourier Transform (IFT). Performing Azimuth IFT to (19) , using stationary phase principle, the signal is expressed as
Comparing (49) with (34), we can see that the proposed frequency domain simulation approach achieves the bistatic FMCW SAR signal of extended scene with the same formulation of the target by target method in time domain. Note that this conclusion is based on the accuracy of the reformulation of the proposed BPTRS, i.e., Eq. (31), which is proved in Appendix A. Hereby the proposed bistatic FMCW SAR raw signal simulation is completed.
By taking advantage of fast Fourier transform (FFT), the proposed approach greatly reduces the computational load with respect to the target by target time domain raw signal simulation. Numerical analysis will be outlined in Section 5.
SIMULATION EXPERIMENTS
The best way to validate the accuracy of the proposed raw signal simulation approach is by evaluating the corresponding images. Firstly a simulation of point targets is carried out. The designed scene contains nine point targets, as shown in Fig. 4 . PT5 is located in the scene center, PT4 and PT6 have the relative slant ranges: −150 and 150 m, and PT2 and PT8 have the relative zero-Doppler time: −0.2 s and 0.2 s, respectively, with respect to PT5 The backscattering coefficients of the targets are defined as "1 + j", where j equals √ −1. The simulation system parameters are shown in Table 1 . To quantify the precision of processing, the impulse response width (IRW), peak sidelobe ratio (PSLR), and integrated sidelobe ratio (ISLR) are used as criteria. For the ongoing simulation, we assume the window functions of rectangular shape in both directions.
The bistatic FMCW SAR raw signal of the targets are simulated following the proposed frequency domain approach, and focused by RDA, as shown in Fig. 5 and the contour response of PT9 is shown in Fig. 5(b) Furthermore, the bistatic FMCW SAR raw signal simulation approach is validated by simulating the raw signal of an actual scene. In this experiment, we used the backscattering coefficients of a pulsed bistatic SAR image produced in [24] . This image was acquired by Niederweidbach, Germany, which is shown in Fig. 6(a) . The horizontal and vertical directions denote the range and the azimuth, respectively. By locating the backscattering coefficients of the bistatic SAR image following the first step of the proposed approach, the desired reflectivity map is achieved. Based on the conceived reflectivity map, the raw signal of this area in bistatic FMCW SAR configuration is conceived following the simulation procedure as shown in Fig. 3 . The simulation system parameters are listed in Table 1 . Furthermore, the simulated raw signal is well-focused by the proposed RDA, the image is acquired as shown in Fig. 6(b) . The processing result of the simulated raw signal is almost the same with the real physiognomy, without any geometrical deviation or spectrum aliasing, which proves the validation and accuracy of the simulated raw signal.
COMPUTATIONAL COMPLEXITY ANALYSES AND COMPARISON
To reveal the efficiency of the proposed frequency domain bistatic FMCW SAR scene simulator, the computational complexity of the proposed approach and traditional time domain simulation method are calculated and compared.
In the case of time-domain bistatic FMCW SAR simulation, according to (6) , the FMCW SAR raw signal is directly conceived by a twofold integral of reflectivity and impulse response functions, the number of floating point operations (FLOPs) of the time-domain simulation is
In the case of the proposed frequency-domain bistatic FMCW SAR simulator, the bistatic FMCW SAR raw signal is conceived by carrying out CZT, interpolation and function multiplications, thus the number of FLOPs of the proposed approach is [36] N F = 10N a N r log 2 N a +5N a N r log 2 N r +24N a N r +2N a (N 
Equation (52) demonstrates that the proposed approach provides great processing time reduction. This novel approach is proved to be precise and efficient, which renders bistatic FMCW SAR raw signal simulation of extended scenes feasible.
CONCLUSION
In this paper, an efficient bistatic FMCW SAR raw signal simulation approach for extended scene is proposed. It is the first time that a bistatic FMCW SAR simulator is conceived in the 2-D frequency domain. The approach is based on the CZT operation. By taking advantage of fast Fourier transform (FFT), the proposed raw signal simulation approach highly reduces the computational load with respect to a time domain approaches. The simulated bistatic FMCW SAR raw signal of a point targets and an actual scene (Niederweidbach, Germany) are used to valid the innovative algorithm, and achieved satisfying result. Numerical results demonstrate that the present approach can highly reduce the computational time significantly without accuracy loss while simulating extended scenes of bistatic FMCW SAR raw signal. The proposed raw signal simulator will really help with the future development and application of bistatic FMCW SAR.
In the designed bistatic FMCW SAR configuration, as shown in Table 1 , the maximal phase error is calculated and shown in Fig. A1 . The phase error is much smaller than the acceptable level π/4, which proves that the approximate spectrum formulation is accurate enough in general bistatic FMCW SAR configuration.
